Compressive strain relaxation of a chemical vapor deposition (CVD) grown graphene overlayer has been considered to be the main driving force behind metal surface step bunching (SB) in CVD graphene growth. Here, by combining theoretical studies with experimental observations, we prove that the SB can occur even in the absence of a compressive strain, is enabled by the rapid diffusion of metal adatoms beneath the graphene and is driven by the release of the bending energy of the graphene overlayer in the vicinity of steps. Based on this new understanding, we explain a number of experimental observations such as the temperature dependence of SB, and how SB depends on the thickness of the graphene film. This study also shows that SB is a general phenomenon that can occur in all substrates covered by films of two-dimensional (2D) materials.
The chemical vapor deposition (CVD) process for the synthesis of graphene has received intense attention, and a variety of transition metals, e.g., Cu, Ni, Pt, Ru, Rh, and Ir [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] have been investigated as substrates for graphene CVD growth (among others). Among these, Cu, which has the advantage of easy single layer graphene (SLG) growth via a self-limiting growth mechanism [1] , is most promising for large area, high-quality graphene synthesis [15] [16] [17] [18] [19] [20] [21] . High-quality polycrystalline SLG films with areas in m 2 and single crystalline SLG with domain areas of the order of several cm 2 have been reported [22] [23] [24] . It is widely acknowledged that a smooth substrate is essential to obtain high-quality graphene [25] [26] [27] . Therefore, in CVD experiments, the Cu substrate is usually annealed at temperatures close to its melting point so as to achieve an ultraflat surface for graphene synthesis. But even when grown on an ultraflat Cu surface, after cooling down, it was often found that the as-grown graphene islands were always localized on the rough areas of the Cu surface containing multiple steps [28] [29] [30] [31] [32] [33] . In contrast, areas with pure Cu, not covered by graphene, were found to be mostly atomically flat [30] [31] [32] [33] . Depending on the type of crystal facet, the experimental conditions of graphene CVD growth, and the thickness of the graphene layer, the step-heights of these "macro steps" range from 3 to 50 nm, which is 15 to 250 times higher than the height of a single atomic step on the Cu(111) surface (0.21 nm) (see summary in the Supplemental Material [34] ).
Previous works have proposed that macrosteps on a metal surface are formed by step bunching (SB), which occurs during the cooling stage of the CVD process and that SB is driven by the relaxation of compressive strain in the graphene overlayer. Cu has a relatively larger thermal expansion coefficient of ∼2 × 10 −5 K −1 , while that of graphene is almost negligible (and also negative) [45] [46] [47] . Hence, when the graphene/Cu sample is cooled down from ∼1000°C to room temperature, a compressive strain of ∼2% will be exerted on the graphene layer [26, [47] [48] [49] . It has been therefore proposed that the relaxation of this compressive strain is the driving force behind SB on the Cu surface directly underneath the graphene layer [31, [50] [51] [52] . This assumption was supported by the experimental observation that Cu surfaces without graphene coverage are atomically flat [30] [31] [32] [33] .
In Figs. 1(a)-1(c), we present in situ observation of the SB process on a graphene-covered Cu surface during cooling [34] . Figure 1(b) shows that only the areas covered with graphene show the presence of macrosteps and Fig. 1(c) shows that these steps disappear once the graphene overlayer is etched away. This observation confirms that graphene coverage is essential for SB to occur. Our in situ observation further shows that there are certain regions on the Cu surface that even when covered by graphene [marked with A, B, C, and D in Fig. 1(a) ], remain atomically flat. This is due to the fact that low index surfaces (e.g., 111 or 001 surfaces) have no steps. Based on the above observations, we conclude that both graphene coverage and the prior existence of steps are essential conditions for SB and a model of the SB process is presented in Fig. 1(d) . Here it is interesting to note that as shown in the model, the total length of the graphene layer on the Cu surface before and after SB are exactly the same and, consequently, SB cannot release any compressive strain in the graphene layer. Thus, the previously proposed explanation of the mechanism of metal surface SB beneath a graphene layer needs to be reviewed.
To test the above argument that step bunching does not serve to release compressive strain on the graphene layer, a Cu(111) foil was covered with graphene flakes transferred at room temperature, and this Cu(111) foil was heated at different temperatures and then cooled back to room temperature [34] . The Raman spectrum of the transferred graphene on the Cu foil shows a G peak at 1581 cm . Thus, when a Cu foil is heated to a high temperature, the graphene flake formed has either zero strain if it slides freely on the Cu surface or has a tensile strain (as the Cu has significantly elongated) if it does not slide freely. In either case, there is no compressive strain on the graphene flake. If the annealing temperature is increased, macrosteps gradually become visible, starting from when T > 300°C (Fig. 2) . At the temperature of ∼600-700°C, step heights reach 20-40 nm, which is very close to those observed in graphene CVD growth. Raman spectra of the annealed graphene-on-Cu foil in Fig. 2(f) show that there is no change in the G band frequency after annealing, indicating that there is no significant strain buildup during the heat treatment.
Since compressive strain can only occur during cooling, the heights of the macrosteps must depend sensitively on the cooling rate if indeed the macrosteps are formed during sample cooling. We compared samples prepared by both slow cooling (with a cooling rate of ∼4°C= min) and fast cooling (with a cooling rate of ∼100°C= min), and as shown in Figs. 2(d) and 2(e), no obvious difference in step heights is observed.
The above observations unambiguously show that SB can occur even without compressive strain and, therefore, it is unlikely that the key driving force for SB is the relaxation of compressive strain.
In the following, we consider an atomic description of the process of SB and explore the two essential conditions that must be satisfied for SB on the metal surface underlying a graphene layer-(i) the fast migration of metal adatoms beneath graphene and (ii) a driving force that lowers the formation energy of the whole system during SB. [34] . In (f) and (h), SC and FC represent slow cooling and fast cooling, respectively. energies of the adatom in the two cases are, respectively, 1.272 and 0.857 eV. The concentration of adatoms can be estimated according to the equation ρ ¼ e −E f =kT , where E f is the formation energy, k is the Boltzmann constant, and T is the temperature. The calculated barriers to the diffusion of a Cu adatom with and without a graphene overlayer are both very low, namely, 0.094 and 0.091 eV, respectively. Based on these values, the frequency of hopping of an adatom on a Cu(111) surface can be roughly estimated from the relation f ¼ ðkT=hÞ × e −E b =kT , where E b is the diffusion barrier and h is the Planck constant. The flux of adatoms on a metal surface, defined as the number of atoms passing a distance of unit length on the metal surface in unit time can be estimated as
where a ¼ 0.256 nm is the lattice constant of Cu. The values for the flux of Cu atoms on bare Cu and graphene-covered Cu surfaces as a function of temperature are shown in Fig. 3(c) , from which we can see that at the temperature of graphene CVD growth, there is sufficient flux of Cu atoms to initiate SB on the graphene-covered Cu(111) surface (i.e., there are ∼10 9 atoms passing a distance of 1 nm length on the metal surface in 1 s at T ∼ 1300 K), as long as there is a driving force to stabilize the bunched steps. At the temperatures of 700, 600, 500, and 400 K, the flux is greatly reduced to 10 4 , 10 2 , 1, and 10 −4 atoms nm −1 s −1 , respectively. To form a macrostep of 10 nm high (or ∼50 atoms thick) with an adjacent distance of 200 nm, the relocation of ∼2 × 10 4 atoms during a reasonable, experimentally feasible time period (e.g., 10 min) is required [34] . Thus, we estimate that the minimum flux required to form an observable metal step on the Cu surface is roughly ∼30 atoms nm −1 s −1 . From Fig. 3(c) , we find that the minimum temperature required to have such a flux is ∼570 K (or 300°C). This estimation is in excellent agreement with the experimental observation shown in Fig. 2 , where we observe that SB becomes apparent for those foils annealed at T > 300°C.
In order to determine the nature of the driving force for SB beneath the graphene overlayer, we consider the process of SB of 16 single atomic steps covered with a graphene layer (Fig. S5 in the Supplemental Material [34] ). Figure 4(a) shows the atomic process taking place during the process of SB on a Cu surface beneath a single finite graphene layer (like an island), during which, 16 single metal steps gradually bunch together to form a 16-times larger metal step eventually. The relative variation of energy during the SB process with and without the presence of a graphene overlayer are shown in Fig. 4(b) . It is clearly seen that the total energy of the system reduces by ∼3 eV per unit cell after SB in the presence of a graphene overlayer. This value is significantly larger than that for the bare Cu surface, which is only ∼0.5 eV per unit cell. The above calculation clearly shows that the presence of graphene facilitates SB of the underlying Cu entirely in the absence of compressive strain relaxation.
The illustration in Fig. 4(c) demonstrates the origin of the driving force of metal surface SB beneath a graphene layer, where we see that graphene on a metal surface with two small steps is bent 4 times in order to tightly adhere to the stepped surface, whereas, it only bends twice if the two steps are bunched together to form a single large step. Thus, the curvature energy of the overlying graphene is reduced after SB because of relaxation of bending strain, which provides the dominant driving force for SB to occur on the underlying metal surface. Figure 4(d) shows the formation energies of metal macro steps on a bare metal surface, along with those for single, bi-, and tri-layer graphene (SLG, BLG, and TLG)-covered metal surfaces as a function of the step height [34] . A linear relationship between the formation energy and the step height is obtained for all the different types of metal surfaces. For macrosteps that are sufficiently large, the formation energy of a graphene-covered step is higher than that on the bare metal surface. This energy difference is a constant value and is due to the higher bending energy of the overlying graphene film; the thicker the covered graphene layer, the larger is the difference in formation energy. The forces driving SB, defined as the decrease in energy when two steps are bunched together to form a larger step, are determined from the intercepts of the dashed lines with the y axis [ Fig. 4(d) ] and the values are 0.07, 0.65, 1.03, and 1.36 eV per unit cell (or 0.27, 2.54, 4.03, and 5.32 eV=nm), respectively, for the four systems, namely, bare Cu, SLG=Cu, BLG=Cu, and TLG=Cu.
To further approve the above analysis, molecular dynamics (MD) simulations (see method and movie in Supplemental Material [34] ) were implemented to explore the process of SB beneath the graphene adlayer and one typical simulation trajectory is shown in Fig. 5 . It can be clearly seen that the 12 single atomic steps appeared in the initial configuration [ Fig. 5(a) ] gradually bunch together and eventually two threefold steps and one twofold step are clearly seen after ∼3 ns MD simulation [Figs. 5(b), 5(c)]. These large steps beneath the graphene adlayer are highly stable and their dissociation was never seen. While, after the graphene adlayer was removed [ Fig. 5(d) ], all the bunched steps are quickly dissociated and 12 single atomic steps appear on the metal surface again [ Fig. 5(e) ]. The MD simulation clearly shows the critical role of graphene coverage in metal surface SB and ambiguously validates the new mechanism of the graphene coverage induced metal surface SB.
The above calculation and analysis also show that the driving force for metal surface SB covered with a BLG or a TLG should be larger than that with a SLG as overlayer. To test this prediction, we carried out further experiments to measure the heights of metal steps beneath SLG-or BLGcovered Cu(111) surfaces and the results are shown in Fig. 6 [34] . For a SLG-covered Cu(111) surface, the step heights range from 3-10 nm, whereas, the step heights under a BLG range from 5-20 nm. This result further validates the origin of the driving force for SB and also the theoretical prediction that SB of the metal substrate is more prominent when covered by a thicker multilayer graphene as compared to when covered by SLG.
Based on the new insights gained on the mechanism of SB, we note that SB of a surface covered by a 2D material should be a general phenomenon, if the fast diffusion of the adatoms is activated at the interface. Such behavior has been observed in CVD grown h-BN [52, 54] , and during the growth of graphene on Pt and Ni surfaces [7, 8, 55, 56] . Hence, the SB of the substrate should be taken into consideration during the processing of 2D materials for various applications.
In summary, we have carried out a detailed analysis of step bunching in graphene-covered metal surfaces. Our results unambiguously show that SB is not driven by relaxation of compressive strain in graphene but is enabled by the fast diffusion of metal adatoms beneath the graphene layer and driven by the release of local bending energy of the graphene overlayer in the vicinity of surface steps on the metal. Our analysis explains a number of experimental observations such as the dependence of SB on temperature, number of graphene layers, and increased SB at the interface between 2D and substrate materials. 
